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AISTRACT 

A atudy hat batn madt to aitatt tha ability of the mathod of 
Strainrangc Partitioning (SRP) to both corralata and pradict hlgh- 
tamparatura , lowcycla fatigua I ivat of nicAal*bata tuparalloyt 
for gat turblna appi icationt. Ratalina data frtpr strain-control lad, 
low-cycia fatigua tattt ara aaprattad in larmt of tha PP, PC, CP, 
and CC partttionad inalattic itrainranga vartut lifa ralat ionihipt 
for coatad and uncoatad Rana' lO at 1000**:, Gator i lad (craap-fomad) 

IN 100 at 760®:, and catt IN 100 at 925®C. SRP it ihown to corra- 
lata tha cyclic I ivat of tha batalina tattt to Mlthin factort of 
naarly t*« 

Tha partitionad ttrainranga vartut lifa ralat ionthi pt for 
uncoatad Rana' 60 and catt IN 100 hava alto baan datarminad fra- 
the Ouctility Normal iied-Strainrange Partitioning (DN-SRP) equa- 
tlont. Theta ware utad to predict the cyclic I ivat of tha bate- 
line tattt. Predicted and obtarvad cyclic I ivat agreed to within 
factors of nearly three 

The life predictabi I ity of the method it alto verified for 
catt IN 100 by applying the bataline results to the cyclic life 
prediction of a series of corple* tt ra m-CyC I Ing tests with 
multiple hold periods at constant strain Predictions were 
within factort of two in cyclic life. 

It it concluded that the method of SRp can correlate and 
predict the cyclic lives of laboratory tpecimen» of the nickel- 
base superalloys evaluated in this proqrar-. 


introduction 

Strainrange Partitioning (SRP) is a method for dealing with h 1 gh-yempe ra t u re l»*-cycle fatigue fail- 
ures of metallic materials. Introduced In 1971 by Hanson, Halford, and Mirtchberg (Ref. I) of the NASR- 
LewiS Research Center, it has bee- undergoing continual development s>nce then. To-date, over 50 tech- 
nical papers have been written on various aspects of the method. At a result, new dimensions in under- 
standing, refine-ent of procedures, eatension to new app * I ca t ions , or simply more laboratory tpec imen 
data for a variety of important engineering alloys have been added Professor Hanson, in hit introductory 
paper (Ref 2) to this Specialists Heating, rcvi^t the highlights of many of these past achiev»»entt 
and points to worthy areas for future eaploration. 

Although considerable experience has been gained with the use of the method of SRP at the laboratory 
level Over the past 7 years. It sears likely that more will be required before the method can be used 
with confidence In the design of aeronautical gas turbine hardware and other h 1 gh- t arperature , h.gh per- 
formance equi^ent. This AGARD Specialists Heating thus represents a significant milestone in the devel- 
opment of the method because of the large number of independent laboratories that are reporting on their 
experiences with its use at the laboratory Icval of evaluation 

Owing to the nature of this Specialists Heating, It is assianed that the reader it f»nlliar enough 
with the basic concepts and terminology associated with the method of SRP that a rtvi»x It not required 
herein. If additional background is needed, references I to 5 should be consulted However, certain 
words are used frequently throughout this peper which are best defined at the Outset to that the reader 
hat a better understanding of the context in which they arc used. 

•aseline - Refers >u the high-temperature, low-cydt fatigue tests and ratuitt utad diractly in the 
establ i thment o>’ the four $RP Inelastic ttrainranga versus life ralat ionthipt. 

Verification - Refers to th* non-baseline high-temperature , l<H«-cycle fatigue tests and results used 
to check how well the established SRP Ufa relationships can be used to pradict cyclic lives. 

Correlation - Refers to how well the equations of the established SRP life relationships represent 
the Individual baseline data. The smaller the deviation of the baseline data from the equa- 
tions, the better the correlation. 
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Prediction - Rtfert to how mH the eduetions of the etteblithcd SAP life relet lonthipt repreient 
the verification trit reiultt. The tmaller the deviation of the verification data frten the 
equationi, the better the prediclabi I ity. Since the Ductility Normal ited-Strainrange Par- 
titioning (DN-SPP) life relationthipt (Ref. 6) did not u>e any Information from the bateline 
tests, it Is considered that predictions of the baseline results are being made when using 
the ON-SRP equations. These equations can also be used to predict the verification results. 

The objectives of this paper were to determine h^ well the method of $RP can both correlate and 
predict the h i gh> temperature , low-cycle fatigue lives of specimens of advanced gas turbine alloys 
Two nickel-base superalloys were selected for this purpose Rene* 80 with and without an eltaninide 
(Codcp B-l)coating, and IN 100 in the Catorixed (creep- formed) and cast conditions. The four par- 
titioned Inelastic strainrange versus life relationships (PP, PC, CP, end CC) were established for 
each alloy condition using a series of baseline stress-hold, strain-limited tests to Introduce 
creep strains into the cycles. In addition, an evaluation was made of how .veil the life relations 
could be detennined by the recently proposed ON-SRP aquations. 


A limited nianber of verification tests were also performed with specimens of cast IN 100 using a 
series of complex strain cycles Involving multiple periods of constant strain hold which Introduced creep 
through the process of relaxation. The verification tests were used to evaluate the predictability of 
the SAP method. 

EXPERIMENTAL details 

The high-temperature, low-cycle fatigue test results were obtained in the fatigue laboratory of the 
NASA-Lewis Research Center using closed-loop, servo-controlled, electro-hydraul ic testing machines. 
Hirschberg has described this facility In detail in Ref. 7. Testing was performed in a still air envi- 
ronment using axially loaded specimens with diametral extensometry. 

Specimens, Materials, and Temperatures 

Two specimen geometries were employed, the tubular, hour-glass shaped specimens described in Ref. 7, 
and a smaller, solid hour-glass shaped specimen with a -inim^- test section diameter of 5 and a UO nr 
hour-glass radius. Threaded ends were provided for gr.pping. Overall length was 75 mr. Two nickel-base 
superalloys were studied, each in two different conditions; cast Rene' 80 with and without an alianinide 
coating, and IN 100 In the Catorixed and cast conditions. The chemical compositions, processing and heat 
treatment, and mechanical properties at room temperature and the elevated temperature of interest for 
each alloy are presented In Tables I, II, and III respectively of Appendix 1. 

Rene* 80 - The Rene' 80 specimens were supplied by T#», Inc. under contract to NASA (Ref. 8). Enough 
specimens were prepared at the tl"e for the testing prosra- conducted n air and reported in this paper, 
and for the vacuum program conducted at TRw, Inc, and reported upon at th.s Specialists Meeting by 
Kortovich and Sheinker (Ref. 9)- The intent of the air and vacuJ* progr«-s was to establish a data base 
for assessing the effects of environment and protective co»t n-^ rhf h gh-temperature low-cycle fa- 
tigue behavior of Rene' 80. The specimens were cast as Indi.idi.rfl sul.d bars and were subsequently 
machined to the tubular hour-glass shape, half of the specimens >rfe ief I uncoated and the remainder 
coated with an atir'inide (Codep B-1) coating. Details of the coating process can be found in Ref. 8. 

The coating thickness was approx imete I y 0.05 mm. The stress and strain calculations for the coated 
specimens were based upon their room temperature dimensions pr.or to the application of the coating, I.e,, 
it was assianed that the coating carried none of tne applied load at the test temperature of 1000‘*C. 

Gatorixed IN IQO - IN 100 was tested In the Gatorixed(creep-iormed)condit ion. Small solid specimens of 
this alloy were machined from a secy-ent of a gas turbine disk (provided by Pratt ( Whitney Aircraft, 
Florida) that had been creepformed by the Gatorixing process. 

The exact chemical composition, processing heat treatment, and mechanical properties are not knov.n , 
although this batch of material would be expected to be similar to the Gatorixed IN 100 material reported 
on at this Specialists Meeting by Vanwanderham , Wallace, and Annis (Re'. 10) of Pratt A Whitney Aircraft, 
Florida. Tests were conducted at 760'’C. 

Cast IN 100 - Tubular, hour-gtass shaped specimens of IN 100 were ind.vidually cast to near final dimen- 
sions. Approx imately 0.2 nr< thickness of material was machined fro- the inside and Outside diameters to 
produce the finished test section dimensions. No heat treatment was applied tc the cast specimens. Tests 
were conducted at 925°C. 


SAP Test Procedures 

The high-temperature, low-cycle fatigue tests were performed using the procedures recomended by 
Hirschberg and Halford (Ref. 5) Schematic stress-stram hysteresis loops are shown in Figv l(a)-(d)for 
the types of cycles used in conducting the baseline tests to establish the four $RP life relationships. 
The strain-control led PP type test cycles (Fig. I(a))were applied using either a triangular or sinusoidal 
strain versus time waveform at a frequency of 0.5 to 1.0 hx. In analyxing the results of the PP type 
tests. It was assumed that the Imposed strain rates were high enough to preclude the occurrence of creep 
Strain, thus producing inelastic strains that could be classified as plasticity. For the PC, CP, and CC 
type cycles, the creep strain was imposed by controlling the load on the specimen at a constant value 
until the desired creep strain limit was reached, whereupon, the loading direction was reversed and the 
other half of the cycle was imposed. If It was desired to impose creep strain In this portion of the 
cycle, the load was again held at a constant value until the desired opposite creep strain limit was at- 
tained, or If plasticity was desired, the specimen was rapidly loaded until the opposite strain limit was 
raached. The time required for the plasticity portion of the cycle was on the order of 0,5 to 20 
seconds. 
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Sine* on* of th« objoctivti of tha pro(rv< wot to verify th« ^rodictive capability of SRf. a aariat 
of varlficatlon tattt wat parfomad wMch featured tatt eyelet quite different fron thot* utad in th* 
batallna tatti for attablitbing tb* SRf llfa relationt. Th* type of cycle talactad contained pariodt of 
constant strain during which creep ttraln acckfaulatod through the process of stress ralaastion. Stress 
ratanation It, of course, * frequently encountered condition In aiany high* tamp* ratu re thermal fatigue 
problams. from th* point of view of Intorpratat lon by SRf, creep strain acctenulatad either by stress 
ralaaation or by direct constant stress creep Is equally damaging. 

A schematic representat Ion of the varlficatlon tatt cycle is shown in fig. 2 for the cat* of the 
aiultlpl* tensile relsaatlcn cycle (NTRC). A duplicate series of tests, but with a aKjItiple comprestiv* 
ralaastlon cycle (MCAC) was alto performed. The attantial advantage of this type of cycle it that * 
considerable amount of creep strain can be accianul atad for a fised time per cycle, for the present case, 
the total amount of creep strain encountered with three hold pariodt of nearly two minutes each was about 
twice that which could have been obtained with a single hold period of si* minutes at th* peak strain. 

The short hold period of a f*n seconds at th* on* aatram* of the strain cycle was introduced at a matter 
of tasting convenience only. Th* fact that a component of conpletely reversed creep strain (CCI was in- 
troduced was taken into account whan partitioning th* inelastic strainranges and predicting th* lives of 
these tests. 
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RISULTS AND DISCUSSION 
gasclin* SRf fvaluation 

A complete listing of the baseline h igh-tamp*rature , low-cycl* fatigue data generated in th pro- 
gram is given In Table IV of Appendia 1 for each of the alloy conditions investigated. Sufficieni info" 
nation is included to perform a thorough SRb evaluation, or if so desired, an mterpretat ion of the 
results in terms of other h ■ gh- tanperatur* , low-cyd* fatigue approaches such as those described m Refs 
11-17. The four SRf life relationships for each alloy cond i t lon were established following th* proce- 
dures described in Ref. S lach life relationship was eapressed in terms of a power law aquation relat- 
ing the inelastic strainrange and cyclic life. The coefficients and e»pon*nts wer* determined usmg a 
least squares curve fit technique. The resultant life re I at ionsh ■ ps are presented in figs. 3. and S 
for Rene' 8C, Catorite.'' IN 103, and cast IN 100 , respec t i ve I y , 

Rene ' 8C - Cursory evanination of the data for coated Ren*' 8C and comparison w th th* uncoated results 
did not reveal Significant differences Hence, th* PP, PC, CP, and CC life re I at lOnsh i ps were established 
for the compined data set. Th* least squares curve fit SRP life re I at ionsh • ps for Rene’ 8C at I000°C ar* 
presented in figs. 3(al-(el and ar* listed below- 
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tCpp - 0 . 062 (II„)'°'^^ 

- 0.05‘.(v,r°'“5 
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Because th* scatter m the data is nearly a factor of two in lif*(see for evarple, th* PP results in 
Pig 3 (pM, th* least squares Curve fits should not be e»trapolat*d much beyond the current ranqe of data 
Th* asscfrption that the coated and uncoated data could be considered to be of th* same population is born* 
Out in fig. 3(f) where it can be seen that coated and uncoated results ar* evenly distributed above and 
below the central NS deg-ee perfect agreement line Ilf* differences between coated and uncoated spec-mens, 
however, may bee cr-e important wh*n the life times become s i gn I f leant I > greater than those involved m the 
current prograr, Techn.gues for anticipating potential differences will be discussed in a later section 

As seen from Pig 3(e), the four SRP Ilf* relationships for Ren*' 6 p do not evhibit appreciable 
differences over the rang* of variables studied. The PC, CP, end CC lives do not differ by more th*n a 
factor of two f rc>n the PP life at any given stramrange This feature should be considered as a virtue 
of the Rene* 80 alloy Th* alloy, as most recent cast nickel-base superalloys, has been tailored to 
resist creep, principally by strengthening th* grain boundaries SO es to resist grain boundary sliding 
Thus, not only is the alloy resistant to convent ional 'monoton Ic C reetwupt ure , it Is also resistant to 
creep introduced m cyclic straining tests Such es those reported upon in this paper This behav -or is m 
sharp contrast to that evhiblted by some other alloys that also see service at tmmp*raiur*s within their 
creep regime for evampl*, th* austenitic stainless steels (which *r* susceptible to grain boundary 
sliding during c reepleih i b I t PP and CP lives that differ by a factor of 20 for th* same inelastic strain- 
range (R*f. 3). 

Although the inel*^t_u strainrange versus Ilfs relationships for Rene' So at lOOO^C do not show a 
strong dependency on creep, the relationship between t^t^ strainrange end cyclic Ilf* can be drastically 
influenced by creep. This is especially true at low strainranges Th* reason for this Is simple. The 
total strainrange consists of the Sum of th* elastic and inelastic strainranges. Th* introduction of 
creep strain is done at the evpense of alsstic strain, and hence, the greater the amount of creep, 
the lower the elastic strainrange and th* greater th* Inelastic component of th* total stramrange Th* 
cor r espond I ng decrease in cyclic Ilf* which Is evident In fig )(e) for the PC, CP, end CC re I at i onsh ips 
thus is essentially * direct result of th* greeter inelastic stramrange 

(etorired IN 100 - Th* least squares Curve fit of th* SRP data for Catoriiad IN 100 at 7b0^C are presented 
In figs. N(al-(e). Th* aquations of the lit* relat ionships ar* given below 
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Cttorized IN 100 


le«st Squares Fit 


. 0.276(n,,)-°'“ 

- 0.140(Npc)"°'®' 

ACj.p - 0.029(Ncp)"°*‘‘^ 

- 0.084(Npc)’°-^2 
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Because of the limited quantity of available matarial, few tests could be conducted with this alloy. 
Hence, the relationships are based upon limited information obtained over a limited cyclic life range. 

The least squares curve fit life relationships should not be extrapolated much beyond the cyclic life 
range of the existing data. Although the scatter in the PP, PC, and CC data appears to be very small, 
this may simply be due to the few data points, since the scatter In the CP points is substantial, for 
example, test specimen rimbers 20 and 23 (Table IV of Appendix I) are essentially dualicatc tests, yet 
the observed cyclic lives were 12 and 1*1 respectively. This spread of naarly I* to 1 in observad life 
limits the ability of SAP, and for that matter, any high*temperature fatigue approach, to accurately 
correlate the behavior of this group of specimens. A measure of how well SAP can correlate the baseline 
results is given in Fig. <«(f). Correlation within life factors of two is obtained except, of course, for 
the 12 cycle CP test which had a predicted life of US cycles. Caution should be exercised in extrapo- 
lating EQ(2) to longer times to failure at temperatures on the order of 76D°C and higher. The creep- 
formed p»«der processed alloy may begin to exhibit greater creep deformation due to superplast ic i ty at 
longer times and low stresses which could result in improvements in the alloy's resistance to CP and CC 
type strainranges. 


The amount of improvement could be evaluated from a knowledge of creep-rupture ductility and an ap- 
plication of the Dh-S*P life estimation equations of Aef. 6. Unfortunately, no ductility data were 
available for this alloy at the relatively high temperature of 760®C. 

Cast IN IOC - A set of SPP life re I at ionsh ips for cast IN 100 tested at 925°C were included in Aef. (5). 
These were based upon the preliminary data available at that time. A few of the originally tested speci- 
mens had failed pre-aturely at thermocouple spot welds, so these data points have been eliminated from 
the data base. Sor-e additiona' tests were conducted on specimens w.th the thermocouples located further 
from the critical test section to avoid premature failures. The currently available data for 925 C 
although somewhat meager, are displayed in Figs. 5(a)-(e) along with the least squares curve fit life 
relat ionships . 


Cast IN 100 
925°: 

Least Squares Fit 


nipp • 0.055(Npp)'°'57 

itpj - O.OSSlNp^)'”'^^ 

- 0.010(N„r°'55 " 


The few data exhibit little scatter for PC, CP, and CC. Moivever, this miy again be misleading as 
was suggested previously for the Gatorieed IN 100, since there is scatter of very nearly a factor of two 
in the PP data Correlation of the results is within factors of two on cyclic life as demonstrated in 
Fig. 5(f). 

Comparison w,th ON-SAP Equations 


In a recently published paper (Aef. 6) a set of equations was proposed which permits the estimation 
of the four SAP life relationships from a knowledge of a material's ductility, Aeferred to as the Duc- 
tility Norma I i yed-St ra i nrange Partitioning (DN-SAP) equations, they were based upon a correlation of the 
ARP data available at the time of publication. All four inelastic strainrange components are related to 
life by power law equations with a constant exponent of -0.60. The coefficients in the equations are 
related to the ductility of the alloy at the temperature and in the environment of interest Plastic duc- 
tility, Dp, as determined from percent reduction of area, A.A. , obtained from conventional tensile tests, 
is used in the equations for PP and PC since these two types of strainranges have plasticity in the ten- 
sile half of the cycle. Similarly, c rerp- ruptu re ductility, C£ , is used in the expressions for CP and CC 
since creep strain is present in the tensile halves of these cycles. If creep-rupture ductility varies 
with time to failure, the DN-SAP equations imply that the CP and CC cyclic life relations are also a func- 
tion of time. The DN-SAP life equations are as given below 
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equations 
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Th«rt art tvo aquatlont for Cf Tha first, tdth tha 0.20 cotfficiant It for utt w^an tha craao* 
ruptura cracking moda it t rantgranular Tha lattar It to bo utad «Aan croop* rupturo cracking it of tha 
aura tfatrimantal Intargranular Modt. 

Ductility data ara aval labia only for tha uncoatad Rana* BO and tha catt IN 100 alloyt. Nowavar. 
Inpllcationt of tha Oh-SRf aquations alth ratpact to tha coatad Rana' BO «ill alto ba ditcuttad. 


Rana ' Bo - Tantila ductility and craap*ruptura ductility data for tha uncoatad Rana* BO alloy ara ra- 
portod in Raf, (l8) at tavaral ttrparaturat including I000°C. for many alloys, tha croap* ruptura duc> 
tllity dacraatat at ruptura timat bacoma lonoar. This taamt to ba tha cats antt fraquantly for alloyt 
that crack in an intargranular moda. Rana* BO It no aacoption In this ragard. Croap-ruptura cracking 
It Intargranular HOMavar, for tha ruptura timat of Intaratt (tha tama tiaiat at tha failura timat of tha 
cyclic tattt), tha craap*ruptura ductility, 0^ , it attantially constant at a value of 0.17 over the time 
range from 2 to ISC hours to failure. Tha tantila plastic ductility it O.bO. Nanca, tha 0h>SRb aqua- 
tions for uncoatad Rana' 6C at lOOO^C for a time span of up to ISC hours are: 
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DC - 0 . 200 (Npp)‘°*^° 
- o.ioo(Np^rO-^° 
At^p - o.o34(N^pr°*^o 
• 0.085(N^j.r°'^0 


EQ (S) 


Equation (SI was utad to predict the lives of the baseline tests for the uncoatad Rena* BO fig 6(al 
canparat the predicted lives mith the observed lives. All but two of the points are within factors of 
three in eye lie life. 


It was shown earliai' that llttla difference enistt between the behavior of the coated and uncoatad 
tpacimeni This condition is attriputad to at least two factors, (al the coating is compatible with the 
base allov and does not adversely affect its fatigue resistance as evidenced by tha lOOO^C vacuvr data 
of Refs. 6 and 9. and (el the current testing times (less than ISO hours), are not long enough for tha 
uncoated specimens to enoerience life degradation due to oaidation, i.e., the protective capabilities of 
the coating are not as yet required. Novever, for asposure times much greater than ISO hours, uncoated 
Rena' Bo may suffer from ondation attack whereas coatad Rana' 60 would not do to under the same circtar* 
stances. One way to anticipate whether the SAP life relations would be altered by long eKposure times is 
to evaluate the On-$pp aquations using ductility data obtained from tensile tests on e«posed material and 
long time c reap* rup t ure tests. The c reap- rupture ductility, 0^ ■ I n [l 00 ' ( lOO-'i A . A. )] ,of uncoatad Aanc' BC 
in lOOO^C air decreases from an average value of 0.17 in the 2 to ISO hour regime to 0.11 at 1000 hours 
to rupture. 


We «n>uld thus anpect the CP and CC SAp life relationships for uncoatad Rene' 60 appropriate for 1000 
hour lives to decrease m accordance with the decrease in 0^ as indicated by the Oh-SAP relations of Eg 
(i«) . No plastic duc t litv data were available for uncoated material that had been eaposed for long pe- 
riods of time, nor were any ductility data available for the coaled material. Hence, we can not presently 
evaluate whether the long time SAP life relations for the coated and uncoatad material would be expected 
to differ or rarain the sa~e The above discussion, however, does suggest how such an evaluation could 
be made without resorting to expensive long time cyclic tests. 


Cast IN 100 - Ductility data for the cast IN 100 alloy were reported in Ref. I6. for 
perature and failure times of less than 100 hours, the corresponding ductilities ere 
with intergranular cracking being responsible for the C reap- rupture failures. Hence, 
the ON-SRP equations for cast IN 100 at lOOO^C are 


the 925®C test tam- 
Dp ■ Of ■ 0 1 1 , 
for these conditions. 


CAST IN io: 

925”C 

DN-SRP 


Atpp - 0.055(Npp)'0'^0 

- 0.028(Npj.)'°’^° 

- 0.025(N^p)‘0*“ 
At^^ - 0.063 (n^^)‘0'^ 


figure 6(b) compares the predicted lives of the cast IN 100 with the observed baseline lives. All 
of the data are contained within factors of three of the predicted lives, end nearly all within factors 
of two. 


Ve rification Results 

Verification tests designed to check the predictive capability of the SAP life equations were con- 
ducted only with specimens of Cast IN 100, since sufficient specimens were simply unavailable for the 
other alloys. A primary raquisite of a varlfication test it that It should contain tone feature or com- 
pleilty not present In the baseline test, for the present purposes, we selected an unusual strain- 
cycling test which contains periods of multiple stress relaxation as opposed to the baseline tests which 
contained periods of creep at constant stress. The process of determining the a-ounts of tensile and 
compressive creep and plasticity Is st ra I ght forward Referring to fig 2, the creep stra>n was determined 
from the amount of elastic strain converted to creep strain during each relaxation period The plastic 
•train Is the difference between the Inelastic strain and the creep strain, for axampla, during the com- 
pressive portion of the multiple tansHa relaxation cycle (NTRC) of fig. 2(c), the compressive creep 
• tralh,C(t, Is equal to the amount of rqlaxad stress (o,- Og) divided by the wdulus ef plasticity, E. 
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Tht COmpr«»tiv« pl«»tic itrain i» timply |K« dlffprtncc b«t«««n tht ln«lt»tlc ttrsinrange AC|N and £() 

In tantion, thara ara thraa craap ttrain contributions, Cr;* ^03* *C<i' ** givan by tha moijni 

of strast ralaxatlon ( — 0<t^> ( ^o — ^ I g ~ ^h^dlvidad by tba atastic modulus. 

Tha tansila plastic strain Is givan by ACIH~ ( *C2 * *C3 ■* frocaduras for datanulnlng tha 

partitlonad Inalastic stratnranga componants ora givan In Haf. S. for tha HTRC asampla, thraa strain- 
ranga componants ara prasant, fP, CP, and CC. for a multipla comprassiva rala«atlon cycia (NCPC), PP, PC, 
and CC strainranga componants ara Introducad, 

for aach varificatlon tast conductad, tha Inalastic strainranga mas usad to calculata tha raspai.l>va 
Npp. Npc , Nfp, and Ncc Hvas from tha laast aquaras curva fit llfa ralations of CQ. (3). hnowing tha 
partitioned inalastic strainranga componants parmittad calculation of tha strainranga fractions, fpp, 
fPC> ^CP> ^CC u** f*'* interaction damage rule so that the predicted cyclic lives bpp(Q could 

be computed. 


(fpp^NppI ♦ (fpf Hpj) ♦ (fcp'**cp^ * t^cc''"cc' ■ •''•ppco (7) 

A series of thraa MTRC and thraa MCAC tests mara conductad with tha cast IN 100 at 92S**C using tha 
sia mlnuta cycle illustrated schamat ical ly in fig. 2. Table IV of Appandia I lists tha pertinent data for 
each verification test. Comparisons of tha observed lives and predicted lives arc prasantad in fig, 6, 

It is seen that cyclic lives ware predicted to within factors of two in every case. 


SUhhARV ANC CONCLUDING REhARhS 

In keeping with tha obicctivas of this Specialists Heating, this paper focused on an evaluation of 
how wall the Hethod of Strainranga Partitioning (SRP) can both correlate and pradic t the high-tamperatura. 
low-cycle fatigue lives of laboratory specimens of advanced gas turbine alloys. 

Strainranga Partitioning charac ter ■ st i cs ware presented for two nickel-base superalloys cast Rene' 
Bo with and without an aluminide (Codep D-ll coating, and IN 100 in both the Gatoriiad (c reap- formed I and 

cast conditions SRP life re I at i onsh i ps were established for aach of the four inelastic stra nranqe types 

(PP, PC, CP, and CO for each alloy condition, 

»y comparing the Observed lives of the baseline tests w.th the lives calculated from the established 
life re I at I onshi ps , it was > lown that the method of Str.yinrange Partitioning successfully correlated the 
h i gh- temperature , low-cycle fatigue lives of these alloys generally to within factors of tva). It should, 
of course, be kept in mind that the SRP inelastic stralnranqe versus life re I at iO"sh i ps for the cast 
nickel-base superalloys studied m this progrm- are riot widely separated one from another. These circi#"- 

stances are believed to result from the fact that these alloys were designed to resist creep deformation 

by the prevention of grain boundary sliding, a mechanism frequently associated w.th widely separated CP 
and PP SRP life re I at ionsh i ps . 

An evaluation was also made of how well the recently proposed Ductility Normal i zed-St ra i nranqe Par- 
titioning (DN-SRPl equat ions could predict the cyclic lives pf the baseline tests. Values of tensile 
plastic ductility. Op, and c '■eep- rupture ductility, D[,for use in the DN-SRP equations were determine.* 
at the temperature and failure times correspond I ng to the baseline data, and then used to determ ne the 
PP, PC, CP, and CC life rel at lonsh ips , These life re I at Ionsh i ps were then applied, in conjunction w th 
the interact ion d«r,«qe rule to predict the cyclic lives of the baseline tests. Agreement between pre- 
dicted and observed lives was generally within factors of 3 Only uncoated Rene' 80 and cast IN 100 were 

evaluated since ductility data were unavailable for the other conditions of these alloys 

A fev> verification type tests were conducted on specimens of cast IN 100 using a test cycle composed 
of hold periods at several different constant strain levels. Creep was thereby introduced into each 
cycle by the process of repeated stress relaxation One series of tests was conducted which featured 
three hold periods in tension and a much shorter period at the peak compressive stra.n, thus producing 
partitioned inelastic strainranqe components of CP, CC , and PP, Another series of tests reversed the 

holding pattern of strain and thus gave rise to PC, CC , and PP components. The lives of the verification 

tests were predicted on the basis of the life relationships established from the baseline tests which had 
introduced creep in a more direct manner by using hold periods at constant stress The life of each veri- 
fication test was predicted correctly to within factors of tv«>, which is considered to be an accaptablv 
high degree of predict a bility . 

It Is concluded that the method of Stralnranqe Partitioning can be used to accurately cor relate and 
pred i c t the h igh- temperature , low-cycle fatigue behavior of the nickel-base superalloys studied in this 
program. 
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AP^NOIX I - MATERIAL DATA SUMMARY 
TAILE I; CHEMICAL COHROSITION • \T X 


MATERIAL 

A1 Si 

1 

c 

Co Tl _ y 

w 

Cr If Fa Mo 

Mn 

-ILL 

RENE' So 

2.990 <0.050 

0.015 

0.170 

9.7)0 G.S70 

3.9M) 

13.800 O.OIt) 0.130 U.110 

<0.020 

BAL 

IN 100 
( GATOR I2E0) 

fc.9#0 

0.020 

0.070 

IS. 500 U.320 0.780 


12.M)0 0.060 3.200 


SAL 

IN 100 
(CAST) 

S.bSO 0.110 

0 

0 

0.170 

15.100 4.7S0 0.970 


10.300 O.OS^ 2.960 

0.020 

bal 


TABLE Hr RROCESSINC 

MATERIAL PROCESSING 

R*n«' So TRW master heat no. IL*SI}6, bare ( 

coated with Codep l•l(alvJninide). Individ* 
ually cast bars (hole bored for tubular 
specimens). ASTM grain size ” 3. 


HEAT treatment 

MEAT treatment 


l220C*2hr. in vac., inert Q to RT; 

1095C-l*hr. in vac., inert Q to RT, 

1050 c 'Uhr. in vac. , PC in I hr. to 

6S0C, AC to RT (simulates coating cycle); 
S^SC-tbhr. in vac., PC to RT, Rnugh machine 
before heat treatment, finish grind after. 


IN 100 PoMder • CATORIZEO(Tm) 


Solution 205 OP. Stabilized ibOOP and 
I 6 OOP, prec ipi tat ion I200P and l<«00P. 


IN IOC CAST 


None 


table mi- MECHANICAL PROPERTIES 
(iMPa - 0.1U5KSI) 


TENSILE PROPERTIES c»EE p-RI'PTupE PROPERTIES 


material 

TEMP 

C 

MODULUS 

MPa 

0.24 YIELD 

MPa 

ULTIMATE 

MPa 

RA-. 

10 HR 

MPa RA-'. 

JgiL. 

MPa 

MR 

RA*-‘, 


ry| 

RENE' 80 

20 

198,600 

821.0 

996.0 

6.2 







1000 

128,200 

230.0 

33) 0 

32.7 

180.0 16.5 

127.6 

12.5 

82.7 

10.5 

IN 100 

20 

205.500 

866.0 

1040.0 

12.1 






(CAST 

925 

155.100 

1^7.0 

622.0 

10.2 

430.0 10.3 

262.0 

10.3 

158.6 

10.3 
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